The results of measurements of the corrosion of galvanized steel and of bare steel and zinc as reference materials after exposure to different soil conditions for a maximum of 13 years are reported. The magnitude and progress of corrosion of galvanized steel as determined by weight loss and pitting is interpreted in terms of the environmental conditions to which the specimens were exposed. From analysis of data on the corrosion of galvanized specimens having different weights of coating, minimum coating requirements for different environmental conditions are suggested.
Introduction
In order to evaluate the effectiveness of zinc coatings in protecting iron and steel from corrosion underground, test specimens of iron and steel coated with different thicknesses of zinc, applied by the hot-dip process, were included in the extensive field-exposure tests undertaken by the National Bureau of Standards in 1924. The thinner coatings did not prevent corrosion in the more corrosive soils, but coatings having a nominal weight of 3 oz/ft 2 of exposed surface prevented the development of measurable pits on the specimens at all but one of the 47 test sites for the entire period of exposure [1, 2] . 1 Although the sites represented a wide range of soil conditions, it was considered desirable to expose specimens with the heavier zinc coatings to additional soil environments in which some dominant corrosive factor, such as chloride content, acidity, etc., was the apparent cause of corrosion. Accordingly, specimens having the same nominal weight of coating, namely, 3 oz/ft 2 of surface were buried at 15 additional sites in 1937. A sufficient number of specimens of galvanized steel and of the reference materials, steel and zinc, were buried to provide for removal of two specimens of each material after each of five periods of exposure. This paper deals with the condition of the specimens of the three materials exposed for different periods up to 13 yr.
Properties of the Soils at the Test Sites
The test sites represent a wide range of environmental conditions with respect to both the chemical and physical properties of the soils (table 1) . For example, the hydrogen-ion concentration of the soils ranges from pH 2.6 to 9.4, and the resistivity from 62 to 17,800 ohm-cm. At several of the test sites the soils are highly oxidized to considerable depths, whereas in others the permanent water table is close to the surface. The environmental conditions at several of the test sites are illustrated in figure 1.
Materials
The galvanized and bare steel specimens were 14-in. rials. The nominal weight of the zinc coating on the galvanized specimens was 3.08 oz/ft 2 . 2 The impurities in the spelter in percent were: Al, 0.008; Fe, 0.07; and Pb, 0.78. The steel, both galvanized and bare, was AISI No. B1010, with the nominal composition in percent as follows: C, 0.13 max; Mn, 0.30 to 0.60; P, 0.07 to 0.12; S, 0.06 max. The interior of the specimens was coated with heavy grease, and the ends were closed in order to prevent internal corrosion.
The zinc specimens were plates having the dimensions 12 in. 
Distribution of the Coating on the Galvanized Specimens
The distribution of the coating on the galvanized specimens was measured by a magnetic method [3] . The measurements were made on one 14-in. (35 cm) length of galvanized pipe selected at random from the lot of specimens before burial, and on a 6-in. (15 cm) section cut from a second specimen from the same lot. A total of 389 measurements of thickness were made on the 14-in. length of pipe (identified as specimen A), and 162 measurements were made on the 6-in. section (identified as specimen B).
The measurements of coating thickness are shown as frequency distribution curves in figure 2. These curves indicate not only that the specimens differed widely in coating thickness, but that the distribution of the coating on the individual specimens was highly variable as well. The variation did not fall in any particular pattern.
Thickness of the Outer Zinc Coating and of the Alloy Layer
The thickness of the outer zinc coating and of the alloy layer was measured by modifications of the electrolytic stripping methods described by Britton [4] and by Anderson and Manuel [5] .
The electrolytic cell consisted of a 4-oz (120-ml) plastic bottle from which the bottom had been re- In operation, the bottle was inverted and the test piece placed in contact with the hole in the stopper with sufficient pressure to prevent leakage of the electrolyte. By means of a 6-v storage battery shunted by a variable voltage divider, an initial current of 25 ma was passed through the cell with the test piece as the anode, the current being read on a recording milliammeter. As the outer zinc coating was removed by electrolysis and different phases of zinc-iron alloy and finally steel were exposed, the changes in potential associated with each phase produced corresponding changes in the recorded current.
The interpretation of the current-time curves in terms of coating thickness is illustrated by figure 3 . The minimum thickness of the zinc layer is measured by the horizontal part of the curve at point A. On exposure of an alloy layer locally, the counter emf increases, and the current proportionally decreases until the zinc is completely removed and a uniform layer of the first phase of the alloy layer is exposed (point B). The current then remains unchanged until a second phase of the alloy layer is exposed and so on through the various phases until the underlying steel is completely exposed. The minimum thickness of the alloy layer, including the intermediate phases, is represented by the distance BC, and the maximum thickness by the distance AD. The reported thicknesses were computed from the areas under the curve. For the present investigation the thickness of the zinc coating was taken as the maximum thickness, that is, to point B, and the thickness of the alloy layer was taken as being represented by the distance BD.
The maximum thickness of the outer zinc coating and of the alloy layer at several points on two specimens are recorded in table 2. These data indicate that a large part of the zinc applied to the steel pipe was converted to alloy layer. After each exposure period, one set of specimens was removed, returned to the laboratory, and cleaned free of corrosion products by previously described methods [2] . Photographs of the specimens of galvanized steel, bare steel, and zinc removed from the different sites after exposure for 13 yr are shown in figure 4 .
The losses in weight and the depths of the deepest pits on the specimens, together with the percentage of the area of the galvanized specimens on which coating remained, are recorded in table 3 for the different periods of exposure. Except as indicated, each value is the average of measurements made on two specimens.
The data of table 3 reveal that in nearly one-half of the total number of soils (53, 55, 61, 62, 64, 65, 66, and 70) the coating remained virtually intact and consequently provided complete protection to the underlying steel for the maximum period of exposure. However, in the highly reducing soils (51, 56, 58, and 60) and in cinders (67) little, if any, of the coating remained at the conclusion of the test.
In certain soils, such as 58 and 60, failure of the coating during the first few years of exposure resulted in a rate of corrosion of the galvanized specimens comparable to that of bare steel. But in other soils, contrary to expectations, destruction of the coating was not accompanied by rapid corrosion of the underlying steel. For example, the galvanized specimens in soils 51 and 56 corroded relatively slowly during the greater part of the exposure period in spite of the fact that the coating was almost completely removed by corrosion during the first few years of exposure. Even in the highly corrosive cinders, soil 67, the galvanized specimens corroded much more slowly than the specimens of bare steel.
The progress of corrosion of galvanized steel, bare steel, and zinc in the different soils is shown by the weight loss and pit depth-time curves of figure 5 . The values for weight loss and pitting of the galvanized specimens on which the coating remained intact naturally apply to the coating and not to the basis metal.
The weight loss and pit-depth-time curves for the galvanized specimens in soils 64, 65, 66, and 70 are of particular interest in indicating that zinc coatings were effective in protecting steel against corrosion in soils that are highly corrosive to steel, For example, in spite of the fact that the steel specimens in soil 66 were perforated by corrosion afterexposure for a few years, the coating on the galvanized specimens in this soil remained perfectly continuous throughout the entire period of the test. In soil 70, the specimens of both zinc and steel were severely corroded, but the coating on the galvanized specimens provided complete protection to the underlying steel. 6 I) D . " Data for the individual specimens differed from the average by more than 50 percent. « Data for 8 specimens. <* The plus sign indicates that 1 or more specimens contained holes because of corrosion.
• Data for 1 specimen. The other specimens were destroyed by corrosion. / D, both specimens destroyed by corrosion. s Data for 1 specimen. The other specimen was missing.
The weight loss and pit depth-time curves for the galvanized specimens ( fig. 5) show that the zinc coatings provided good protection in all of the 10 inorganic soils with the exception of the highly reducing soil 56. However, in only one of the four organic soils (59) could protection be considered adequate. In two of these soils, 58 and 60, the effectiveness of the zinc coating was negligible. Although it is not surprising that severe corrosion of galvanized steel occurred in these organic soils because of their corrosiveness toward zinc, it is evident from the curves in figure 5 that a high rate of corrosion of zinc in a soil does not indicate necessarily that galvanized steel would also be subject to corrosion.
The data presented on the condition of the coating on the specimens (table 3) indicate that the specimens removed from sites 64, 65, 66, and 70 after exposures for 11 and for 13 yr contained no zinc whatever. Because these specimens were covered with zinc-iron alloy layer, it might be assumed that the alloy layer protected the steel pipe electrochemically or otherwise, but unpublished results of measurements of the potentials and of the polarizing characteristics of these materials, supplemented by measurements of weight loss, indicate that the zinciron alloy layer cannot protect steel cathodically in soils, nor is it more resistant to corrosion than steel.
Additional evidence that galvanic action between zinc and steel does not fully account for the behavior of the galvanized specimens is provided by the data on weight loss and pitting of the specimens removed from sites 51 and 67 (table 3) . Although both the outer zinc coating and the alloy layer were completely removed from the specimens during the initial period of exposure, the weight losses and pitting of the galvanized specimens during the remaining periods of exposure were considerably less than they were on the bare steel specimens. There are some indications that the relatively high resistance to corrosion of the galvanized specimens is due to an inorganic film or coating deposited by galvanic action between the outer zinc coating and the alloy layer or steel. The composition and properties of this film, which is presumably silicious in nature, are currently under study.
Reference has previously been made to an earlier series of field tests in which were included galvanized specimens having the same nominal weight of coating as those in the present test, namely, 3 oz/ft 2 [1, 2] . In comparing the behavior of these two sets of specimens, Blum and Brenner [6] concluded that the specimens in the later test corroded as a group as much in 4 yr as did the specimens in the earlier test in 10 yr. A further examination of these data, however, indicates that this observation is not entirely correct. The data for the 1924 specimens removed after 10 yr are reported as an average rate of loss of weight in ounces per square foot (or penetration) per year, whereas those for the 1937 specimens are reported as total loss of weight (or total penetration) after 4 yr exposure. Comparison of the two sets of specimens on this basis is difficult because most corrosion occurs during the first few years of exposure and the rate decreases considerably after this initial rapid corrosion.
A better comparison may be made of the two sets of specimens after each had been exposed for 10 yr. Seven of the soil sites either were common to the two series of tests or were located in soils of the same type, differing only in geographical location, making possible a comparison of the two sets under the same soil conditions. The weight losses and the maximum penetration of these specimens, both bare and galvanized, exposed to the same soil conditions are given in table 4. Because the specimens buried in 1937 were not removed after exposure for 10 yr as were the earlier specimens, it was necessary to interpolate the weight loss and pit depth-time curves for these specimens ( fig. 5 ) between the points for 9 and 13 yr. In 5 of the soils, 3 (53), 11 (55), 40 (61), 42 (62), and 43 (63) there is no significant difference in corrosion. In two soils, 23 (70) and 29 (58) real differences, particularly in penetration, are found. In the case of soil 23 (70) the penetration was greater in the 1924 specimens, but in the other, 29 (58), the penetration was greater in the 1937 specimens. As pointed out previously there is a wide range in coating thickness of the specimens buried in 1937 ( fig. 2 ) and a similar but somewhat smaller range in the 1924 specimens. The excellent agreement in results of the tests of the two sets of specimens in five soils indicate that these thickness differences were of little significance and that the difference in corrosion of the specimens in the other two soils must have been due to local environmental changes, such as drainage, aeration, etc. over the two periods of time.
Effect of Weight of Coating
Logan and Ewing [1] studied the effect of weight of coating on the loss in weight of galvanized specimens exposed to corrosion in six soils, representing a wide range of conditions, for periods of 6, 8, and 10 yr. Their results showed that the weight loss decreased with increase in weight of coating to a certain limiting value beyond which it was constant. On the basis of this relation and other considerations, the conclusion was drawn that galvanized coatings for underground use should have a weight of not less than 2 oz/ft 2 of exposed surface. Although Logan and Ewing showed a rough correlation between weight loss and pitting, no attempt was made to relate the rate of pitting of the specimens directly to coating weight.
In order to obtain a direct relation between the pitting of galvanized steel specimens and weight of coating, the depths of the deepest pits after 10-yr exposure on the specimens studied by Logan and Ewing were averaged for the same six soils and plotted against the corresponding weights of coating. In obtaining the values shown in figure 6 , the pit depths on specimens having coating weights within the ranges 0.8 to 0.9, 0.9 to 1.0, etc. oz/ft 2 were averaged. These average values also include data for specimens of different basis metals, namely, open-hearth iron, wrought iron and copper bearing steel, no specific effect of the basis metal on weight loss having been observed. Each point shown in figure 6 is the average of measurements made on from 12 to 36 specimens, usually the latter. The values for the standard deviation of the pit depths for the different coating thicknesses are seen to decrease markedly with increase in coating thickness. For the soil conditions represented, a zinc coating having a nominal weight of 2 oz/ft 2 of exposed surface would prevent appreciable pitting of steel for at least 10 yr, assuming reasonably uniform distribution of the coating.
As the pit depth data shown in figure 6 apply to specimens of galvanized steel which were exposed to a variety of soil environments, an optimum weight of coating that might be selected on the basis of these data might be excessive in some specific environment but insufficient in others. In table 5 are shown the depths of the deepest pits on the specimens exposed in the earlier series of tests fl], from which can be determined the minimum weight of coating required to protect steel for 10 yr in specific soil environments. Data for the specimens buried in 1937 are also included in the table.
It will be observed that in the group of oxidizing, inorganic soils, pitting occurred on the specimens having a weight of coating of 1.07 oz/ft 2 or less, but no pits developed on the specimens having a coating of 1.81 oz/ft 2 . Hence it is reasonable to conclude that a nominal 2-oz coating is probably adequate for oxidizing soils for at least 10 yr. A 3-oz coating would provide adequate protection in the group of reducing inorganic soils except for highly reducing soils high in soluble salts, for example, 51 and 56. These latter soils and the group of reducing organic soils and cinders would require a coating in excess of 3 oz/ft 2 .
Summary
This report contains the results of measurements of corrosion made on specimens of galvanized steel, bare steel and zinc exposed to different soil conditions for periods up to 13 yr. The nominal weight of the zinc coating was 3 oz/ft 2 , but the actual thickness varied over a wide range. In approximately one-half of the 15 soils to which the specimens were exposed, the coating on the galvanized specimens remained virtually intact throughout the entire duration of the field test. The galvanized specimens were especially resistant to corrosion in alkaline soils that were highly corrosive to bare steel. In only two soils, both organic, failure of the zinc coating after relatively short exposures was accompanied by marked corrosion of the steel. The high corrosion resistance shown by most of the galvanized specimens after the outer zinc coating had been virtually removed by corrosion is tentatively attributed to a film or coating, probably silicious in nature, that was deposited cathodically by galvanic action between the outer zinc coating and the alloy layer or the underlying steel.
The results of these tests show that the minimum weight of zinc coating required to protect steel from corrosion for a minimum of 10 yr depends on the nature of the soil environment. In these exposure tests, a 2-oz coating was sufficient to protect steel in inorganic oxidizing soils, but for inorganic moderately reducing soils a 3-oz coating was required. Highly reducing, inorganic and organic soils require coatings in excess of 3 oz/ft 2 .
The field tests described were initiated and installed, and until 1946 were conducted under the supervision of K. H. Logan. 
